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? 

By Douglas E.  Wall* 
NASA Flight Re search Center 

INTRODUCTION 

A study i s  being made a t  the  NASA Flight  Research Center t o  determine the 
gross charac te r i s t ics  of future  hnersonic  a i r c r a f t ,  without the refinement of 
configuration optimization. The character is t ics  defined by t h i s  study a r e  t o  
be used as a guide i n  assessing the need f o r  future  hypersonic f l i g h t  research. 

Some of the p o s s i b i l i t i e s  and charac te r i s t ics  of future  hypersonic air- 
c r a f t  as envisioned by Fl ight  Research Center engineers are discussed i n  t h i s  
paper. I n  t h i s  space age one might log ica l ly  ask why we a r e  s t i l l  concerned 
with airplanes.  
J+ u p u ~ s ~ u r l  a v a ~ ~ a ’ u i e  Yrom tine atmospnere continue t o  a p p a r  a t t r a c t i v e  i n  
fu tu re  applications.  This i s  clearly evident f o r  systems requiring sustained 
cruise  operation. 

The answer i s  +,hat +,he aerodynamic l i f t  and air-breathing 
__^^_ - 2  _- -_  2 - l  

Figure 1 shows, graphically, the development of a i r c r a f t  speeds. The 
shaded areas indicate  probable future extensions. 
rocket-powered research airplanes indicat.es the rapid technological advance- 
ments t h a t  have been made. This trend could possibly be re f lec ted  i n  future  
m i l i t a r y  a i r c r a f t ,  resu l t ing  i n - f l i g h t  a t  hypersonic speeds. If t h i s  occurs, 
it may provide the  developed eng@es and service experience necessary f o r  
development of commercial cruise  a i r c r a f t  operaticg at, hypersonic speeds. 

The s teep slope of the 

Since hypersonic a i r c r a f t  are so dependent on the mode of propulsion, 
some of the proposed f u e l s  and some candidate pro-plsioli systems and t h e i r  
f l i g h t  regions of operation a r e  reviewed i n  the following sections.  In  the 
subsequent discussion, an assessment i s  made of each c l a s s  of hypersonic 
a i r c r a f t .  

F l igh t  i n  the sensible atmosphere a t  hypersonic speeds w i l l  require a t  
least two, and possibly three or  f o u r ,  males of propulsion f o r  some of the 
vehicle systems. Various t radeoffs  w i l l  be possible, based on the select ion 
of f u e l s  and the  f l i g h t  region of operation. The performance of the l iquid-  
hydrogen air-breathing engines and the liquid-hydrogen liquid-oxygen (LOp-LH2) 
rocket motor i s  compared i n  f igure 2 .  Tne abi1it.y of the air-breathing 
engines t o  produce s ignif icant ly  mare t h r u s t  per pound of carr ied propellant 
than the rockets shows t h e i r  s u i t a b i l i t y  f o r  cruise  applications.  

*Airborne ifypersonic Re search b o j e c t  Manager 
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Candidate Fuels f o r  Hy-personic Cruise 

The following t ab le  presents various charac te r i s t ics  of th ree  fue ls :  

I I I I I 

Lower heating Actual Available 

Btu/lb ( fuel)  Btu/lb fue l  *Btu/cu f t  ( a i r )  *Btu/cu f t  (air) 
heat sink, Fuel value heat sink, heat release, 

Apparent 
Ibfcu ft 

Liquid 
methane 1,100 I 26.5 I I 20,000 88.6 4.88 

Hydrocarbon 18,700 800 49.9 99.8 4.26 I 
*Per cubic foot  of inlet a i r  f o r  stoichiometric cadmstion. 

Volumetric 

requirements, 
*cu ft fuel/ 

The first three columns show the famil iar  values associated w i t h  fuels ;  the  
last  three  assess the  fue l s  on the basis of each cubic foot  of a i r  entering 
the i n l e t  f o r  complete combustion. 
volume required f o r  each cubic foot of i n l e t  air .  
hydrogen f u e l  gives the highest heat release f o r  producing thrus t .  
c l ea r ly  superior as a heat sink f o r  operation a t  the higher f l i g h t  speeds. 
I ts  chief disadvantage i s  the large volume requirement for f u e l  storage; i n  the 
smaller a i r c r a f t  th i s  r e su l t s  i n  high drag which o f f se t s  the  increased heat 
re lease.  A t  f i r s t  glance, l iqu id  methane appears t o  be a t t r ac t ive .  However, 
the  last three colwans indicate  that the small increase i n  avai lable  heat sink 
over the  hydrocarbons would not warrant the l o s s  i n  performance o r  the increase 
i n  tank volume. 

The last column shows t he  l iqu id  tank 
A s  indicated, l iquid-  

It i s  a l s o  

Modes of Propulsion 

Both turbojet  engines and rocket motors were used extensively i n  the 
Fl ight  Research Center study. 
fur ther  discussion i s  believed t o  be necessary. 
as familiar and, thus, warrant some discussion. 

Since both a r e  familiar propulsion systems, no 
I n  contrast ,  ramjets a r e  not 

Subsonic combustion ramjet.- A t  the higher supersonic f l i g h t  speeds, the  
subsonic combustion ramjet engine i s  c lear ly  superior t o  the  turbojet ,  but 
f l i g h t  speeds greater than Mach 1 a r e  usually required f o r  ramjet accelerat ion 
of la rge  vehicles. Thus, the  a i r c r a f t  must be accelerated t o  the ramjet take- 
over speed w i t h  rocket or turbojet  power. The i n l e t  a i r  i n  a subsonic combus- 
t i o n  ramjet I s  cmpressed am3 slowed doh=, yhich r e s d t s  i n  a temLml shock. 
The flow behind the terminal shock where combustion i s  taking place i s  sub- 
sonic. 
temperature become extremely high. 
t h i s  engine and portions of the i n l e t  must be regeneratively cooled by the 
fue l .  
i n l e t  exceeds the  f'uel flow required t o  cruise  the a i r c r a f t .  
c ru ise  efficiency drops rapidly. 

A t  the  higher hypersonic speeds, the in t e rna l  s t a t i c  pressure and 
With present s ta te-of- the-ar t  materials, 

A t  extremely high speeds, the fue l  required t o  cool the  engine and 
A t  higher speeds, 
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Supersonic combustion ramjet.- A t  t h e  high hypersonic f l i g h t  speeds, t h e  
supersonic combustion ramjet may be superior t o  t h e  subsonic combustion 
ramjet. The i n l e t  a i r  of the  supersonic combustion ramjet i s  not compressed 
nor slowed down as much as t h e  air i n  the  subsonic combustion engine; conse- 
quently, t h e  flow remains supersonic throughout t he  combustion and expansion 
processes. 
less than those i n  the  subsonic engine 

A s  a resu l t ,  the  in te rna l  s t a t i c  pressures and temperatures are 

Region of Operation 

The probable region of operation f o r  t he  air-breathing engines i s  shown 
i n  f igure  3. Although there  i s  considerable overlap f o r  each of t h e  propul- 
s ion systems, t he  p lo t  shows the  r e l a t ive  order of each. It i s  noted t h a t  
f l i g h t  a t  the  higher speeds would require operation a t  very high external  
a i r c ra f t - sk in  temperatures. It i s  doubtful t h a t  a i r c r a f t  would c ru ise  a t  
speeds high enough t o  require act ive cooling of major portions of t h e  a i r -  
c r a f t -  The choice of t h e  mode of propulsion w i l l  depend not only on r e l a t i v e  
performance of the  ramjet engines but a l s o  on maximum c ru ise  range and minimum 
block t i m e  when coupled t o  an optimum aerodynamic configuration.- 

HYPERSONIC A I R C F W T  

Long-Range Cruise Aircraf t  

Long-range hypersonic-cruise a i r c r a f t  are i n  an ea r ly  s tage of study. 
The probable ranges and cru ise  speeds f o r  commercial a i r c r a f t ,  looking 10 t o  
20 years  i n t o  the  future ,  with ranges grea te r  than 4,000 naut ica l  miles are 
shown i n  f igure  4. Since the large a i r c r a f t  must necessar i ly  acce lera te  and 
decelerate  a t  low rates, it i s  in te res t ing  t o  note t h a t  t he  r a t i o  of c ru i se  
range t o  ascent plus descent range, k, decreases from 5.0 for a supersonic 
t ranspor t  t o  2.6 f o r  a Mach 8 hypersonic c ru ise  a i r c r a f t ,  
speeds s ign i f i can t ly  above Mach 8 for the  same range, the  vehicle would 
probably be classed as an acceleration-boost-glide a i r c r a f t  r a the r  than a 
c ru i se  a i r c r a f t  because of t he  low k value. I n  addition, Mach 8 t o  10 
c ru i se  speeds could r e s u l t  i n  commercial a i r c r a f t  ranges reaching half  way 
around t h e  world. Therefore, higher Mach number c ru i se  may not be necessary. 
Cruise above a *ch number of 3 w i l l  require extensive analyses of configu- 
r a t ion  t radeoffs ,  inlet-engine matching, and cooling requirements. The study 
has not progressed far enough t o  determine whether these ranges could be m e t  
with p rac t i ca l  airplanes;  therefore, they should be viewed only as probable 
goals.  A configuration f o r  a Mach 6 t o  8 cru ise  a i r c r a f t  ( f i g .  5 )  i s  being 
studied. 
wing configuration. 
7OO,OOO pounds, t he  a i r c r a f t  could car ry  from 200 t o  400 passengers. 

To achieve f l i g h t  

The vehicle uses liquid-hydrogen f u e l  and i s  a blended-body delta- 
With estimated takeoff gross weights between 500,000 and 

Medium-Range Cruise Aircraf t  

Medium-range c ru ise  a i r c r a f t  include vehicles with mi l i t a ry  appl icat ions 
t h a t  would c ru ise  a t  hypersonic speeds, with t o t a l  ranges of approximately 
3,000 naut ica l  miles. 
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Figure 6 shows a possible configuration of a liquid-hydrogen fueled 
hypersonic-cruise a i r c r a f t  with turboramjet engines. 
a t  a Mach number of 5 t o  6. 
fueled hypersonic-cruise a i r c r a f t  with turboramjet engines. 
would a l s o  c ru ise  a t  a Mach number of 5 t o  6 .  
planes had comparable ranges, on the  order of 3,000 naut ica l  m i l e s .  
off  gross weight of both a i r c r a f t  was approximately the  same; however, t h e  
hydrocarbon-fueled a i r c r a f t  was considerably smaller. This s i z e  difference 
ind ica tes  that the increased performance with t h e  hydrogen f u e l  w a s  o f f se t  by 
the  high drag tha t  resul ted from the  la rge  fuel-tank volume. 

The vehicle  would c ru i se  
Figure 7 i l l u s t r a t e s  a comparable hydrocarbon- 

For Mach 6 cruise ,  both air-  
This vehicle 

The take- 

Several technology advancements a r e  required t o  develop fu ture  hydrogen- 
fueled hypersonic a i r c r a f t  u t i l i z i n g  air-breathing propulsion. 
research a i r c r a f t  w a s  studied a t  t h e  F l igh t  Research Center as a means of 
providing these advancements ( f i g .  8). 
w a s  capable of periods of extended cru ise  above a Mach number of 6. 

A hypersonic 

The a i rp lane  weighed 80,000 pounds and 

Acc e l e r a t  i on-Boos t A i  rc  raf t  

I n  recent years many s tudies  have been made of ear th- to-orbi t  t ransporta-  
t i o n  systems. 
Center f o r  a two-stage-to-orbit system t o  supply a hypothetical  space s ta t ion .  
These s tudies  show t h a t  the  f i r s t - s t a g e  a i r c r a f t  could be powered e i t h e r  by 
rockets or by air-breathing engines. The air-breather ,  with i t s  a b i l i t y  t o  
cruise ,  could provide increased o f f se t  o r b i t a l  capabi l i ty ,  thereby providing 
several  opportunities f o r  inser t ion  each day. This capab i l i t y  would be an 
advantage f o r  emergency o r b i t a l  supply. If increased o f f se t  o r b i t a l  capab i l i t y  
i s  not required, t he  type of propulsion system t h a t  should be used i n  t h e  first 
stage i s  not readi ly  apparent. However, i f  rocket propulsion i s  assumed f o r  
t h e  second-stage vehicle, ce r t a in  gross charac:eristics may be determined from 
a parametric study. Figure 9 shows the  e f f ec t  on the  second-stage launch 
weight of  varying the  rocket spec i f ic  impulse t o  place a 20,000-pound payload 
i n t o  o r b i t .  This f igu re  shows that high staging ve loc i t i e s  must be rea l ized  
with present s ta te-of- the-ar t  rockets t o  produce reasonable second-stage 
launch weights. It a l s o  shows t h a t  advances i n  rocket performance could 
e i t h e r  reduce the staging Mach number or the  launch weight. 
i n e r t  weight f rac t ion  have a similar e f f ec t .  

Similar s tud ies  have been performed a t  the  F l igh t  Research 

Improvements i n  

Figure 10 shows t h e  combined ef fec t  of rocket spec i f ic  impulse and i n e r t  
weight f r ac t ion  on t h e  second-stage launch weight. System weights may be 
roughly estimated by assuming that the  weight of t h e  second-stage i s  40 percent 
of t he  takeoff t o t a l  vehicle system weight. Thus, a 400,000-pound second-stage 
launch weight would require  a vehicle system t o t a l  takeoff gross weight of 
1,000,000 pounds. The higher staging ve loc i t ies ,  improved rocket spec i f ic  
Impulse, and improved i n e r t  mass f rac t ions  would s ign i f i can t ly  reduce t h e  
t o t a l  weight of the system, thereby allowing a - l i g h t e r  vehicle system. 
Tore, advancements i n  the  s t a t e  of t he  art  would provide a reasonable system 
t h a t  could be operated from exis t ing  runways, and would i n s e r t  a larger pay- 
load f r ac t ion  in to  orb i t .  

There- 
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Sonic-Boom Overpressures 

Limited experimental f l i g h t  data have been accumulated on sonic-boom 
overpressures i n  r e l a t ion  t o  such fac tors  as community tolerance, s t ruc tu ra l  
damage, and atmospheric e f fec ts .  Data from small- and medium-sized a i r c r a f t  
such a s  supersonic interceptors  and B-38 bombers showed e f f ec t s  which could 
not be predicted by using only form fac to r .  
i s  a contribution due t o  form factor  and another contribution due t o  l i f t .  
Since the B-58 i s  not a la rge  supersonic a i r c r a f t ,  the  exact l i f t  e f f ec t s  of 
a la rge  supersonic transport  or hypersonic-cruise a i r c r a f t  have not been 
ver i f ied .  Because of t h i s  lack of experimental f l i g h t  ver i f icat ion,  it was 
considered premature t o  predict  sonic-boom overpressures f o r  the  hypersonic 
configurations studied. 
planned with a B-70, which has the capabi l i ty  of a la rge  form fac tor  and a 
s igni f icant  l i f t ;  t o  experimentally determine the sonic-boom overpressures 
over a range of f l i g h t  conditions. 

Latest  theory indicates  that there  

A Fl ight  Research Center f l i g h t  t e s t  program i s  

CONCLUDING RFSIARKS 

Results obtained thus f a r  i n  the Fl ight  Research Center hypersonic- 
a i r c r a f t  study indicate  that: 

The long-range hypersonic-cruise a i r c r a f t  o f fe rs  suf f ic ien t  po ten t ia l  t o  
warrant serious consideration f o r  future  missions. 

Mach nurriber 5 t o  6 c ru ise  aircraft designed f o r  hydrocarbon f u e l  may be 
competitive with those designed for  hydrogen f u e l  f o r  ranges of approximately 
3,000 naut ical  miles. 

Firs t -s tage recoverable boosters must stage a t  reasonably high ve loc i t ies  
t o  reduce the takeoff gross weight. Advancements i n  the s t a t e  of the art  
would provide a booster small enough f o r  takeoff from conventional runways- 

Hypersonic a i r c r a f t  of the type studied w i l l  require takeoff ve loc i t ies  
Landing and approach speeds may be comparable t o  of 173 knots t o  200 knots. 

current  j e t  a i r c r a f t  - 
Future a i r c r a f t  must be designed t o  conform t o  acceptable sound leve ls  

and sonic-boom overpressures. 
from exis t ing  runways. 

They a l s o  should be designed t o  allow takeoff 

Airports of t he  future  may require storage of liquid-hydrogen f u e l  and 
hydrocarbon fue l .  
hydrogen-producing plants  a t  the major a i rpo r t  terminals. 

I n  addition, it may be p rac t i ca l  t o  i n s t a l l  l iqu id-  

dT)-fd/?- 
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SYMBOLS 

ISP 
t h r u s t  ( rocket)  - - thrust ( air-breather)  

specific impulse, propellant flow r a t e  fuel flow rate 

% m i s e  
%scent + *descent 

k =  

%mise range for cru ise  port ion of f l i g h t ,  naut ica l  miles 

%scent, 
%escent 

range fo r  ascent and descent portions of mission, respectively,  
naut ica l  miles 

i n e r t  weight ( W o  - Wp - w p ~ )  , lb W i  

WO weight of second stage a t  t i m e  of launch, lb 

WPL weight of payload i n  second stage, lb 

&) I1 

@) I1 

i n e r t  weight f r ac t ion  of second s tage 

payload i n  percent of second-stage launch weight 
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HYPERSONIC LONG-RANGE CRUISE AIRCRAFT 
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Figure 6 
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Figure 8 
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